Their N-and C-terminal sequences form globular ABCbe responsible for creating a gate through which DNA like ATPase domains at one end of this coiled coil while can enter. We suggest that ATP hydrolysis drives the a central region at the other end forms a dimerization temporary disconnection of Scc1 from Smc heads that domain through which they interact with other Smc are needed for DNA entrapment and that this process molecules. Due to the angle at which their coiled coils is promoted by Scc2/4. emerge from their dimerization domains, the two arms of Smc dimers create a V-shaped molecule with a "hinge" Introduction composed of dimerization domains at its base and potential ATPases at its two apices (known as the heads). Following DNA replication, cells face the daunting chalAn important feature of ABC-like ATPases is that ATP lenge of segregating sister chromatids to opposite poles molecules bound to one head are contacted by soprior to cell division. This process depends on their called signature motifs on another. Two heads are attachment to microtubules with opposing orientations, thought therefore to bind to each other, sandwiching a known as amphitelic attachment or biorientation. Sister pair of ATP molecules. ATP hydrolysis within the two chromatid cohesion has a crucial role in promoting biheads is thought to be both simultaneous and cooperaorientation because it resists the pulling force generated tive (reviewed in [11] 
directly with each other, at which point the V-shaped heterodimer would form at least transiently a bipartite ring structure. ATPase activity associated with cohesin's Smc1 and Smc3 heads has not hitherto been detected and its function is unknown.
A clue to the possible function of cohesin's Smc1 and Smc3's ATPases has come from studying its cleavable Scc1 subunit. In both soluble and chromosomal forms of cohesin, Scc1 connects the Smc1 and Smc3 heads. Scc1's N-terminal and C-terminal domains bind to Smc3 and Smc1's heads, respectively, thereby creating a triangular or tripartite ring. Because cleavage of Scc1, either naturally by separase at the metaphase to anaphase transition or artificially by TEV protease, triggers cohesin's dissociation from chromosomes and destroys sister chromatid cohesion, it has been suggested that DNA molecules might be trapped within cohesin's large tripartite ring. An important prediction of this model is that cohesin should be released from DNA by severing any one of the three sides of cohesin's triangle. This is indeed the case. Introduction of TEV cleavage sites at equivalent positions within both strands of Smc3's coiled coil has made it possible to sever the coiled coil at a defined position both in vitro and in vivo, and this releases cohesin from chromosomes [12] .
If the ring hypothesis is correct and sister chromatid cohesion is to persist for long periods of time, then the cohesin's subunit interactions must be very stable. Yet, one or another subunit interaction must be transiently broken to permit DNA entrapment in the first place. This suggests that one or more of cohesin's subunit interactions must be tightly regulated, switching between unstable and stable states. To address whether ATP hydrolysis might have a role either in forming stable rings or in breaking them, we have investigated the consequences of mutating amino acid residues within Smc1 or Smc3 heads that are predicted to be important either for binding or hydrolyzing ATP. Our results suggest that the binding of ATP to Smc1's head, but not Smc3's 
ATP Binding and Hydrolysis Are Required for Smc1 and Smc3 Function
The amino-terminal domains of SMC proteins contain a (C motif) of Smc1 would be predicted to bind to the ␥-phosphate of an ATP molecule bound to the Smc3 Walker A motif (P loop) while their C-terminal domains contain a Walker B and an ABC signature motif (C motif).
head and vice versa ( Figure 1A ). We introduced mutations in both Smc1 and Smc3 that should abolish ATP Walker A residues are important for ATP binding while Walker B sequences are important for both ATP binding binding, ATP-dependent head dimerization, or ATP hydrolysis ( Figure 1B ). The position of the corresponding and hydrolysis. Crystal structures of Rad50 and ABC transporters [13] [14] [15] suggest that Smc1 and Smc3 residues in the crystal structure of ATP-bound Rad50 are indicated in Figure 1C . Our choice of residues for heads might dimerize in an ATP-dependent manner via their ABC signature motifs. If so, the ABC signature motif mutagenesis was based on the premise that the muta- To test this, we expressed from the GAL1-10 promoter log phase cultures and the amounts of Scc1HA 6 and either N-terminal (N-Scc1; residues 1-179) or C-terminal C-Scc1HA 6 (its C-terminal separase cleavage fragment) (C-Scc1; residues 451-566) Scc1 fragments. A chitin coprecipitated were measured using Western blotting. binding domain (CBD) followed by 3HA epitopes was Because this assay is performed in the presence of wildfused to N-Scc1 and C-Scc1, at their N and C termini, type Smc1 protein, it in fact measures the ability of respectively. The fusion proteins were expressed in a mutant proteins to compete with wild-type in capturing yeast strain whose Smc3 was tagged with 6HA epitopes. Scc1. Coprecipitation of Scc1HA 6 with wild-type Smc1
Cells were grown in the presence of galactose for 4 was completely dependent on the attachment of myc hr, during which period both fragments accumulated to epitopes to Smc1 ( 
Heterodimers In Vitro
To address more directly whether ATP but not its hydroing of Scc1's C-terminal domain to Smc1. To test this, we constructed strains that express either full-length lysis is required for Scc1's association with Smc1/3 heterodimers, we established an in vitro system capable Smc3 or a headless version (Smc3⌬head: residues 172-1042), each tagged with 3HA epitopes. Both Smc1 and of assembling Scc1-Smc complexes. We prepared concentrated yeast extracts from G1 cells (to minimize Scc1 Scc1 were meanwhile tagged with nine myc epitopes, and the amount of Smc1myc 9 and Scc1myc 9 protein expression) expressing myc-tagged Smc1 protein and mixed it with Scc1 protein purified from insect cells that immunoprecipitated with an HA-specific antibody was measured by Western blotting. Deletion of Smc3's head has 3HA epitopes followed by a hexa-histidine tag at its C terminus. Scc1 was precipitated using an antibody greatly reduced but did not eliminate Scc1's association with Smc1, without affecting Smc3's association with against its HA 3 epitope and the amount of Smc1myc 9 protein coprecipitated was measured by Western blotSmc1 ( Figure 2D ). Our results suggest that Smc3's head facilitates the binding or retention of Scc1 with Smc1's ting. Smc1myc 9 was absent from immunoprecipitates . Soluble extracts were prepared from asynchronously growing cells expressing myc 9 -Scc1TEV-myc 9 and Smc3-HA 3 . Smc3 was either wild-type (K11887: SMC3-HA3::LEU2, MYC9-SCC1TEV-MYC9::URA3, GAL-SCC1::TRP1, MATa) or bearing K38I (K11888), S1128R (K11889), E1155Q (K11890), or K38I-S1128R (K11891) mutations. Smc3 was immunoprecipitated using an antibody against its HA 3 epitope, and the immunoprecipitation beads were divided into three aliquots. One aliquot was loaded into immunoblots directly (IP), and the other two aliquots were incubated with or without TEV protease. Proteins bound to the beads (B) were separated from those released into the supernatant (S) before loading. Immunoblots were probed using antibodies against myc and HA epitopes. (B) Similar to the experiment described in Figure 5A , except that Smc3 proteins also contained TEV sites within the coiled coils. Smc3 was either wild-type (K11892: SMC3TEV-HA3::LEU2, MYC9-SCC1TEV-MYC9::URA3, GAL-SCC1::TRP1, MAT␣) or having K38I (K11893), S1128R (K11894), or E1155Q (K11895) mutations. Immunoblots were probed using antibodies against myc and FLAG epitopes.
when either Scc1 or ATP alone was added to the extract lated by ATP ( Figure 3C ). These data are consistent with the notion that binding of ATP to Smc1's head but not but present in sizeable amounts when both were present ( Figure 3A) . ATP therefore stimulates association of its hydrolysis stimulates formation of a complex with Scc1's C-terminal domain. They also confirm our preScc1 with Smc1/3 heterodimers in vitro. ATP stimulated Scc1's association with both wild-type Smc1 and a versumption that mutation of K39 but not E1158 abolishes ATP binding. sion that should not hydrolyze ATP (E1158Q) but it did not stimulate Scc1's association with a version predicted not to bind ATP (K39I) ( Figure 3A) . Moreover, the ATP Hydrolysis Is Not Required for Tripartite Ring Formation nonhydrolyzable ATP analog ATP␥S was as effective as ATP in inducing Smc1-Scc1 interaction ( Figure 3B) .
Mutations predicted to abolish ATP binding to Smc3's head or hydrolysis of ATP bound to either Smc head Association of wild-type Smc1 but not K39I mutant protein with Scc1's C-terminal fragment was also stimuhad little or no effect on the binding of Scc1 to Smc1/3 C-terminal cleavage fragments of myc 9 -Scc1TEV-myc 9 two separase cleavage sites. We prepared extracts from exponentially growing cells and precipitated Smc3 by remained associated with the HA-tagged Smc3 proteins associated with the beads after TEV cleavage, even using an antibody against its HA 3 epitope. The immunoprecipitation beads were divided into two aliquots and when the latter carried mutations predicted to eliminate either binding or hydrolysis of ATP ( Figure 4A ). These incubated with or without TEV protease. Western blots were then used to compare the amount of protein bound data suggest that neither the binding of ATP to Smc3's head nor its hydrolysis is required for tripartite ring forto the beads (B) and released into the supernatant (S) (Figure 5 ). Two types of C-terminal Scc1 fragments are mation.
To test whether ATP-dependent dimerization of Smc1 detected: those produced by separase cleavage in vivo and those produced by TEV cleavage in vitro. The sepaand Smc3 heads might be required for formation of tripartite rings, we constructed an Smc3 K38I/S1128R rase cleavage fragments remained stably bound to the beads in the absence of any TEV cleavage, implying double mutant that should be deficient both in binding ATP and in binding to ATP bound to Smc1's head. The that the connection between C-Scc1 and Smc1's head is very stable even when severed from N-Scc1. Incubadouble-mutant protein was also able to form rings, as both the N-and the C-terminal Scc1 cleavage fragments tion of the beads with TEV severed all intact Scc1 molecules and between 80% and 90% of Smc3 coiled coils. remained associated with the beads after TEV cleavage ( Figure 4A ). To confirm that the association of N-and Most C-Scc1 fragments are released from the beads by TEV cleavage. Crucially, the degree to which both C-terminal Scc1 cleavage fragments (N-and C-Scc1) is mediated by Smc3's coiled coil, which is connected to separase and TEV C-Scc1 cleavage fragments are released from the beads does not appear to be any less Smc1, we transferred the Smc3 head mutations to a version whose coiled coil can also be cleaved by TEV than the extent to which Smc3's coiled coil is severed (i.e., doubly cleaved). This implies that few if any Smc1 protease [12] . In all cases, cleavage with TEV specifically released C-Scc1 from the beads while N-Scc1 remained heads are associated with Smc3 heads when Scc1 is bound to them. However, around 25% of fully severed bound to the beads, presumably through its interaction with Smc3 heads ( Figure 4B ). The ATP hydrolysis mutant Smc3 hinge fragments (251-968) and a somewhat larger fraction of myc-tagged Smc1 remain associated with (E1158Q) in Smc1 was also able to form tripartite rings (see Figure S1 , available with this article online). Scc1 protein accumulation shortly before the onset of replication was comparable in all three strains ( Figure  6D ) and in situ immunofluorescence confirmed that the Scc1 and Smc1 proteins accumulated within nuclei (Figure 6C) . Chromosome spreading was used to measure the association of proteins with chromosomes ( Figure  6B ). In cells expressing wild-type Smc1, both Scc1 and Smc1 were found tightly associated with spread chromosomal DNA and appeared to be colocalized. The E1158Q mutation greatly reduced the amount of HAtagged Scc1 and myc-tagged Smc1 protein associated with chromosomes, to a level similar to that found in cells carrying only an empty vector. These observations are consistent with the notion that hydrolysis of ATP bound to Smc1's head is essential for stable association of the cohesin complex with chromosomes. We also found that the Smc3 ATP hydrolysis mutant (E1155Q) was incapable of loading Scc1 onto chromosomes (see Figure S2 ). so, then the Scc2-Scc4 complex might be expected to interact at least transiently with cohesin. We earlier reported that a small fraction of Scc2 can be coimmunoDiscussion precipitated with cohesin's Scc3 subunit [4]. To investigate the possibility of a direct physical interaction beThe ABC-like ATPases perched at the end of Smc1's tween cohesin and the Scc2-Scc4 complex more and Smc3's 50 nm long coiled-coil arms presumably thoroughly, we constructed strains in which a tandemhave a key role in cohesin's function. These domains affinity purification (TAP) tag was fused to either Scc1 are conserved in all members of the SMC family and or Scc2. The TAP tag consists of a calmodulin binding at least in cohesin are connected by its Scc1 "kleisin" peptide (CBP) fused to two domains of Protein A sepasubunit, whose cleavage destroys sister chromatid corated by a TEV protease site. We prepared extracts from hesion at the metaphase to anaphase transition. Despite cycling cells and purified Scc1 and Scc2 complexes their potential importance, the function of cohesin's using two rounds of purification and elution [19] . The ATPase domains has not hitherto been investigated. As eluates were run on a gel and proteins were visualized a first step toward understanding their function, we have by silver staining. In the absence of a TAP tag, the eluate analyzed the consequences of mutating residues precontained little if any protein detectable by silver staindicted from both structural and functional analyses of ing (Figure 7) . The eluate obtained from the strain whose related ABC-like ATPases to be essential either for ATP Scc1 was TAP tagged contained bands corresponding binding or hydrolysis. Because it has not so far been to the size of Smc1, Smc3, Scc3, Scc1-CBP, and cScc1-possible to detect hydrolysis of ATP by cohesin, we CBP. Mass spectrometry confirmed the presence of
the beads under these circumstances. Identical results were obtained with K39I or S1130R mutant Smc1 molecules or with cells arrested in G1 (data not shown). These Do Smc1 and Smc3 Heads Interact in the
have not yet been able to confirm that our "hydrolysis" these proteins in the eluate. The eluate from the Scc2 mutants really are defective in this process. TAP-tagged strain contained, apart from expected Scc2
Mutations predicted to compromise ATP binding to and Scc4 bands, additional bands comigrating with Smc1 heads abolished complex formation with Scc1 Smc1 and Smc3 proteins (Figure 7) . Mass spectrometric both in vivo and in vitro. Importantly, we confirmed the analysis of this sample revealed the presence of Smc1, prediction based on this finding that ATP but not its Smc3, and Scc1 along with Scc2 and Scc4. Although hydrolysis would be essential for complex formation. Scc3 was not detectable in this preparation, we have Both ATP and ATP␥S stimulated complex formation bedetected Scc2 in purified Scc3-TAP complexes anatween Scc1 and Smc1/3 heterodimers in vitro and this lyzed by mass spectrometry (data not shown). This effect was abolished by putative ATP binding mutations. shows that cohesin physically interacts with the Scc2-Though future studies will clearly be needed to measure ATP hydrolysis directly and show it to be abolished by Scc4 complex. ring, because the mutants have no difficulty in closing needed for cohesin's loading onto chromosomes. Direct the gate of soluble cohesin. The alternative, namely that measurement of ATP hydrolysis will be required to disthe defect lies in opening the gate, is less ad hoc. We tinguish these possibilities. therefore suggest that ATP hydrolysis might serve to What role might ATP hydrolysis serve in loading disengage Scc1 from either one or both of cohesin's cohesin onto chromosomes? To answer this, it is necesSmc heads (Figure 8 ). In the absence of hydrolysis, sary to know both the substrate and the product of the cohesin's tripartite rings remain closed and DNA cannot loading reaction; i.e., what is cohesin's state before it is therefore enter the ring. The notion that ATP hydrolysis loaded onto chromosomes and what is the mechanistic triggers at least transiently the disengagement of Scc1 principle by which it binds to them so stably after the from either one or both heads is consistent with the reaction has been completed? Our observations sugnotion that head-head interactions, which presumably gest that soluble cohesin forms tripartite rings that have a role in hydrolysis, are incompatible with stable appear very similar to those formed by chromosomal head-Scc1 interactions. It is also consistent with our cohesin. In both cases, contacts between Scc1's observation that the association of Scc1's C-terminal N-terminal and C-terminal domains with Smc3's and domain with Smc1's head depends on ATP. At the same Smc1's heads, respectively, creates a stable bridge betime as triggering Scc1 disengagement, hydrolysis may tween the heads. Electron micrographs of soluble create a strong negative charge in the active site, which cohesin complexes isolated from Xenopus extracts or results in the two nucleotide binding domains being from HeLa cells [20] are consistent with this picture. It repelled apart [14] , thereby creating an entry gate for therefore seems reasonable to suppose that cohesin DNA. It is not inconceivable that Scc1's association with eventually loaded onto chromosomes forms tripartite Smc heads might have an important role in promoting rings before as well as after its chromosomal associhydrolysis. ation.
We hypothesize that the ATP binding/hydrolysis cycle How might such rings bind stably to chromatin? The is used as a switch to regulate association of Scc1 with notion that chromatin fibers might be "topologically" 
